Abstract.
Introduction
The use of constructed wetlands for municipal wastewater treatment has become a common practice around the world (Kadlec and Knight, 1996) . Advances in the understanding of wetland treatment technology (Kadlec and Kadlec, 1979; Hammer, 1989; Kadlec and Knight, 1996) and in the development of wetland design criteria and monitoring guidance by the U. S. EPA (U. S. EPA, 1987 EPA, , 1988 EPA, , 2000 and by state environmental protection agencies (GA DNR, 1995) have demonstrated the successful utilization of this alternative wastewater treatment technology. The removal mechanisms by which constructed wetlands treat wastewater include: 1) filtration and sedimentation of solids; 2) decomposition of organic matter; 3) plant uptake of nutrients; 4) microbial nitrification of NH 4 and denitrification of NO 3 , and 5) adsorption of phosphorus to sediments (Brix, 1993; Reed et al., 1995, Kadlec and Knight, 1996) . The lack of experimentally verified removal mechanisms and rates has been a problem with wetland treatment systems with most studies only monitoring influent and effluent data to gauge the effectiveness of the system (Knight et al., 2000; Newman et al., 2000; Song et al., 2006) . Further, it has been argued that first-order plug flow models are inadequate for constructed treatment wetland design and performance prediction (Kadlec, 2000) , although models have been more fully developed with respect to residence time distribution analyses (Werner and Kadlec, 1996; Werner and Kadlec, 2000; Carleton, 2002; Holland et al, 2004; Carleton and Montas, 2007) , pollutant speciation (Kadlec, 2003) , and treatment cell design and layout (Wang and Jawitz, 2006) , leading to a variety of wetland modeling approaches and a better understanding of hydraulic efficiency in wetland system design. From an operations and maintenance standpoint, the manipulation and control of the environmental conditions under which processes occur affect the treatment performance in these wetland systems, while the inherent ecological function of natural systems is the ability to self organize and self design. Therefore, this study attempts to characterize nutrient dynamics both spatially and temporally within a constructed wastewater treatment wetland system.
Complex biological processes, including plant-soil-microbial interactions, occur within wetland systems (Canale, 1976; Klopatek, 1978; Valiela and Teal, 1978; Heliotis and Dewitt, 1983; Howard-Williams, 1985; Reddy and Graetz, 1988; Vymazal, 1995; Kadlec and Knight, 1996) , and these processes are responsible for treatment wetland system performance. The spatial variability of plants and organic material accumulation throughout a wetland cell typically adds to the system complexity (Good et al., 1978; Johnston, 1993; Reed et al., 1995; Kadlec and Knight, 1996) . The relationship between system complexity and the ability of the system to remove nutrients, solids, and organic matter is poorly understood (Wetzel, 1993; Kadlec, 2000) . Many variable dynamic processes exist in wetland systems. For example, the spatial heterogeneity of vegetation type and density, and subsequently the variability in wastewater flow, can often compromise the efficiency of treatment processes. Also, the spatial and seasonal variability in organic material deposition may lead to accumulation in some areas of the system, which in turn leads to short-circuiting, a decrease in actual retention time, and a decrease in treatment performance. The spatial and temporal nature of ecological systems challenges the ability to adequately design engineered wastewater treatment systems such as constructed wetlands for optimal treatment performance. The focus of this study was to better understand the spatiotemporal variability of these complex processes for improving wetland system performance and longevity, while providing guidance for design criteria and operations and maintenance procedures for wetland treatment systems in the Georgia piedmont and similar geographic areas.
Wetland Design and Operations
The Tignall Water Reclamation Facility (Tignall, GA, USA; 33 o 52' 00" N, 82 o 44' 30" W; Pop. ~700) is comprised of a duckweed (Lemna) system and a partial-mix aeration pond, which operate in parallel prior to entering a secondary effluent treatment wetland system (Figure 1 ). At the time of this study, the facility handled the municipal wastewater from approximately 400 homes, several businesses, and two local factories (Davis, 2001) ) from May, 1999 , to April, 2001 . Permitted NPDES limits for wastewater discharge from the Tignall wastewater reclamation facility are 10 mg L -1 for BOD, 20 mg L -1 for total suspended solids (TSS), and 4 mg L -1 for ammoniacal-nitrogen (NH 3 -N + NH 4 + -N). The treatment system was known to have difficulty meeting ammoniacal-nitrogen concentration limits in routine final effluent samples during certain months. The constructed wetland system was designed in 1992 and constructed in 1993. At the time of sampling and monitoring initiation, the wetland system had been in operation for 6 years. The system consists of 8 cells each approximately 122 x 18 m bottom surface area and 131 x 21 m top surface area. Each cell is approximately 1.2 m deep, while the operating depth maintained by an outlet control structure is between 0.08 to 0.30 m, leaving a maximum freeboard height of 0.9 m. Initially, two of the total eight cells were planted post-construction with Schoenoplectus californicus (giant bullrush) and Zizaniopsis miliacea (giant cutgrass), while in 1995, two additional cells were planted with Schoenoplectus californicus (giant bullrush) and Typha latifolia (cattail). During the study period, wastewater flow through the system was limited to the four planted cells, while in the summer months, rather than discharge, the operator typically recirculated wastewater through either the four planted cells or all eight cells without discharge until necessary, relying on evapotranspiration to manage water quality (Davis, 2001) . The system was never dredged nor were plants harvested during these first six years of operations. 
Methods

Sample Collection and Preparation
Grab samples were taken every 4-6 weeks from May, 1999 to April, 2001 in the first half of the first wetland cell at the Tignall Water Reclamation Facility at twelve locations (Figure 2 ). These locations were selected based on the distribution of planted vegetation. Note that, as designated in Figure 2 , locations 2-1 to 2-3 are downstream of S. californicus plantings, locations 3-1 to 3-3 are downstream of Z. miliacea plantings, and locations 4-1 to 4-3 are downstream of a second stand of S. californicus. Samples were carefully collected in order to not disturb the sediment. Low water depths (less than 5 cm) often required taking several small samples and combining them into a larger container; therefore, vertical sampling within the wetland cell above the sediment layer was not possible for this study. Grab samples were immediately placed on ice for transport and storage. These samples were analyzed for total, suspended, and volatile solids concentrations (Clesceri et al., 1998) . A second set of samples was collected for nutrient analyses at the same locations and preserved in 2 mL concentrated H 2 SO 4 per liter of wastewater sample. Samples were filtered using a 0.45 µm Whatman filter prior to nutrient analyses, and both filtered and non-filtered samples were analyzed for nutrient concentrations.
⇨Put figure here-it will be centered automatically⇦ 
Water Quality Measurements and Analyses
Water quality parameters were measured at the location of each grab sample within the wetland cell included temperature ( ). These parameters were measured using a YSI 6820 data sonde and a YSI 610-D meter (Yellow Springs, OH). The data sonde was calibrated for all parameters prior to each site visit. (EPA Method References 351.3, and 365.4, respectively) . Quality assurance and quality control included correlation coefficient checks for known standards (r 2 > 0.99), dilution checks (% difference < 5%), and duplicate control cup checks throughout each run (% difference < 5%). If any of these controls were not met, the samples were run again.
Analyses for total solids, volatile solids, and total suspended solids were performed using published standard methods (Clesceri et al., 1998) . Non-volatile solids were calculated by subtracting volatile solids from total solids.
Results and Discussion
Regression Analyses and Correlation Coefficients
An overall comparison of relationships and variability is necessary to begin understanding biogeochemical dynamics occurring within the wetland cell. Correlation coefficients (r 2 ) were determined between a) water quality parameters, including temperature, pH, conductivity, redox potential (ORP), turbidity, and dissolved oxygen (DO) concentrations; b) nutrient, solids, and BOD concentrations, and c) water quality parameters and nutrient, solids, and BOD data (SPSS, Inc., 1999) . Nutrient concentrations in this analyses included ammoniacal-nitrogen (NH 3 -N + NH 4 + -N ), nitrate-nitrogen (NO 3 -N), total Kjeldahl nitrogen (TKN), orthophosphorus (ortho-PO 4 ), and total phosphorus (TP). Solids concentrations included total solids (TS), nonvolatile solids (NVS), volatile solids (VS), and total suspended solids (TSS). Table 1 provides parameters from simple linear regression analyses for water quality relationships that had significant correlations.
Water Quality Parameters
Monthly mean wetland water temperature, dissolved oxygen concentration, and redox potential (ORP) data for the wetland cell fluctuated seasonally and were well correlated over the two-year sampling and monitoring period (Table 1) . Conductivity ranged from 500 to 600 µS cm -1 throughout the two-year sampling period for all locations with little exception. The pH during the sampling period ranged from 6.5 to 7.2 for all locations within the wetland cell.
Monitoring various water quality parameters over space and time provided information about the environmental conditions under which the treatment wetland system operates, as well as relationships between these parameters. Seasonal fluctuations and ranges in wastewater temperature were demonstrated in this study, while the standard deviation between samples during each month was comparatively small among all locations for that month. Dissolved oxygen and redox potential measurements fluctuated in a pattern inversely related to that of temperature (Table 1) . The correlation between temperature and dissolved oxygen indicated an inverse relationship (r 2 = -0.55), as did the strong correlation between temperature and redox potential (r 2 = -0.77). The correlation between dissolved oxygen concentration and redox potential was high (r 2 = 0.7). Dissolved oxygen and redox potential were both significantly lower in summer months than in winter months. While a seasonal trend in water quality parameters was evident, there was no identifiable trend between different sampling locations during each month. Coefficients of variation (CV), not shown, were small for locations by month, but were large for each locations over all months. 
Nutrient and Solids Concentrations
For inorganic nitrogen, ammoniacal-nitrogen concentrations decreased while nitrate-nitrogen concentrations increased (Figure 3a and 3b, respectively) during the cooler winter months. The relationships between ammoniacal-nitrogen and nitrate-nitrogen could indicate a seasonal variability in nitrification rates, which are influenced by aerobic conditions as indicated by relatively higher dissolved oxygen concentrations and redox potential. The observed seasonal trend could be due to the ability of wastewater to retain higher dissolved oxygen concentrations in colder months, thus encouraging nitrification. Also, cooler temperatures and a shorter daylength in winter months may decrease duckweed productivity and microbial activity, resulting in less biomass decomposition, less respiration, and less oxygen consumption, providing more oxygen for nitrification to occur. Lower dissolved oxygen concentrations and redox potentials were found in the center of the wetland cell where greater dead biomass was visibly present in the water. Also, as previously discussed, dissolved oxygen concentrations and redox potentials were both significantly lower in summer months than in winter months. In general, redox potential indicates conditions when the system is aerobic or anaerobic, thus demonstrating the types of microbial activity that may be occurring in the water/sediment matrix over time. The types of microorganisms present in the system are important to the treatment efficiency of the system, as well as the nutrient fluxes that occur. Nitrifiers typically occur in higher redox potentials (Eh > +100 mV), while denitrifiers are typically active in lower redox potentials (-300 mv < Eh < +100 mV) (Howard-Williams, 1985; Reddy and Graetz, 1988; Vymazal, 1995) . Total Kjeldahl nitrogen (TKN) concentrations, which is a combined measure of ammoniacal-nitrogen and organic nitrogen, exhibited trends similar to ammoniacal-nitrogen over the two-year sampling period --mean TKN concentrations were typically lower in winter months than in summer months. This would indicate that organic nitrogen may be processed through mineralization during the presence of higher oxygen concentrations at lower temperatures, a trend which can lead to oxygen depletion in the system. A successful treatment wetland must have a favorable balance of nitrification and denitrification in order to convert ammoniacal-nitrogen to nitrate-nitrogen to nitrogen gas, thus removing nitrogen from the wastewater (Reddy and Graetz, 1988; Reed et al., 1995; Kadlec and Knight, 1996) . This, of course, requires the occurrence of both aerobic and anaerobic zones within the system.
Results showed a strong correlation between solids and nutrient concentrations (Table 1) . With respect to the organic fraction, the relationships between solids concentrations and organic nitrogen (a) and between solids concentrations and total phosphorus (b) are given in Figure 4 . Similar results were found between concentration of both available phosphorus and total phosphorus and with solids concentrations -high correlations existed between both forms of phosphorus and solids concentrations. These analyses, coupled with the ANOVA results suggesting significant differences in organic nutrient concentrations between filtered and nonfiltered samples, indicate that the suspended solids concentrations in the water column contribute significantly to nutrient concentrations. Solids concentrations in this paper are represented by total solids measurements; the correlation coefficients between all solids measurements, including volatile and total suspended solids (not presented), were very high. Overall, the correlation coefficients for the different types of solids in comparison to the nutrient measurements appeared to be similar (2.1 to 4.7 % coefficient of variation). In comparing the nutrient to total solids concentrations, TKN, orthophosphorus, and TP had the highest correlation with solids concentrations (averaging 0.63, 0.56, and 0.55, respectively), which was considered to be due to the high organic content of the solids. Total Kjeldahl Nitrogen (TKN) and Total Phosphorus (TP) concentrations both assess the amount of organic nitrogen and phosphorus in a sample, respectively (Tchobanoglous and Schroeder, 1987, Reed et al., 1995) . Further, phosphorus tends to bind to sediment particles (Emsley, 1980; Fennessy et al., 1994; Mitsch et al., 1995) , which explains the high correlation between orthophosphorus and solids concentrations.
Results over the length of the wetland cell showed the variable amount of organic material at different locations in the system. In vegetated areas where flow is slowed, dead plant biomass from emergent vegetation and duckweed result in sludge accumulation, which subsequently led to higher total and volatile solids concentrations in the vegetative zone. Also, plant productivity, decomposition, and organic export typically vary between different types of aquatic vegetation (Westlake, 1963) , especially in macrophytic freshwater wetland systems (Klopatek, 1978; Valiela and Teal, 1978; Mitsch and Gosselink, 1993) . This is certainly the case given the macrophyte species in this study. Zizaniopsis miliacea (giant cutgrass) tends to grow and die back very quickly, contributing heavily to dead organic material that reaches the water surface (D. Surrency, pers. comm.) . Schoenoplectus californicus (giant bullrush), on the other hand, tends to grow more slowly and remain standing once dead, contributing less dead organic material that reaches the water surface (D. Surrency, pers. comm). The cutgrass is positioned in the center section of the wetland cell on which this study focuses. A high dead organic material contribution of Z. miliacea to solids concentrations, especially volatile solids, was evident in this area of the wetland. Further, the high abundance of Lemna lemna (duckweed) in the system further increases the organic material contributions. treatment system or that of all of the wetland cells combined, but only specifically the reduction of water quality constituents along the 40 m length of the vegetative zone (Figure 2 ). Constituent removal percentages were calculated based on the mean inflow and outflow concentrations for sample locations at 5 m (1-1, 1-2, and 1-3) and 40 m (4-1, 4-2, and 4-3), respectively.
Ammoniacal-nitrogen concentrations were reduced in 13 of 17 months sampled (Figure 5a ), ranging from 1 to 38% removal along the vegetated zone in those 13 months. Nitrate-nitrogen concentrations were reduced in every month (Figure 6a ), ranging from 9 to 100 % removal along the vegetated zone. Similar reduction comparisons and calculations were performed for all wastewater constituents from samples analyzed in this study (data not shown). Total Kjeldahl nitrogen concentrations were reduced in 7 of 17 months sampled, ranging from 8 to 80 % removal along the vegetated zone. Orthophosphorus concentrations were reduced in 10 of 17 months, ranging from 7 to 85 % removal along the vegetated zone. Total phosphorus concentrations were reduced in 11 of 17 months sampled, ranging from 3 to 82 % removal along the vegetated zone. Total solids concentrations were reduced in 8 of 17 months sampled, ranging from 3 to 89 % removal along the vegetated zone. Total suspended solids concentrations were reduced in 9 of 17 months sampled, ranging from 10 to 90 % removal along the vegetated zone. For all solids, removal over the two-year sampling period was high in the early spring compared to other months of the year. The variable nature of organic compounds, phosphorus compounds, and solid concentrations, as well as their apparent close relationships, deserves further investigation. 
Conclusions
The analysis of data from this study showed trends in, and relationships between, the environmental conditions under which the vegetated section of the wetland cell operated. By monitoring a section of the constructed wetland over a two year period, relationships between water quality parameters and nutrients and solids concentrations were determined. High inverse relationships between temperature and dissolved oxygen concentrations existed, while good positive correlations between dissolved oxygen concentration and redox potential were indicated over space and time. The effectiveness of nutrient removal, particularly that of inorganic nitrogen, can be related to temperature, dissolved oxygen, and redox potential. Further, data analyses did provide insight into the relationships between nutrient and solids concentrations in the constructed wetland cell, as high correlations between organic nutrient concentrations and solids concentrations were indicated in this study. However, the data provided less evidence for relationships between solids removal and water quality parameters.
The spatial distributions of nutrients and solids concentrations were explored, indicating that higher concentrations existed within more densely vegetated areas. Also, concentrations increased along the flow gradient of the vegetated area before decreasing, or in some cases not changing significantly, at the end of the vegetated area. The contribution of dead vegetative organic matter, increased filtration due to plant stems and roots, and higher sedimentation from slowed flow due to vegetation resistance were considered to be responsible for higher nutrients and solids concentrations in the vegetated area.
Patterns in ammoniacal-nitrogen and nitrate-nitrogen concentrations within the wetland cell over time indicated seasonal oscillations in inorganic nitrogen dynamics, where ammoniacal-nitrogen concentrations were higher in the summer and lower in the winter. Conversely, nitrate-nitrogen concentrations were lower in the summer and higher in the winter. This pattern was attributed to environmental conditions, including temperature, dissolved oxygen concentrations, and redox potential. Winter conditions (low temperature, high dissolved oxygen concentration, high redox potential), appeared to favor nitrification, while summer conditions (high temperature, low dissolved oxygen concentrations, low redox potential) did not appear to favor nitrification. Seasonal patterns were not detected for other nutrients; however, broader distributions in summer months of nutrients and solids concentrations related to organic matter suggest that higher vegetative biomass may impact wastewater treatment performance by contributing high organic matter to the system during the peak of the growing season.
This study provided insight into the relationship between water quality parameters, how they affect pollutant removal, and how different wastewater constituents interact within constructed wastewater treatment wetlands. Monitoring water quality parameters, and nutrient and solids concentrations within the wetland system over time was necessary to begin to understand the biological processes driving nutrient transformation and transport processes. The fact that organically-bound nutrients were closely related to solids concentrations indicates that, throughout the life span of a wastewater wetland system, sludge accumulation may eventually become a source of pollution, rather than a sink. In some instances during the sampling period, nitrogen and phosphorus concentrations did increase along the length of the wetland cell. Improved design strategies, such as plant selection and spacing, as well as effective operational and maintenance strategies, such as recirculation, harvest, and sludge removal, could be incorporated and implemented if spatial and temporal dynamics are better understood and taken into consideration. The results and relationships found in this study may be useful for predicting and optimizing treatment wetland performance in the Georgia piedmont and in the interest of improving treatment wetland system design models. In summary, investigations into the complex processes within constructed wetland systems can provide updated design criteria, as well as operations and maintenance strategies, that will improve treatment performance and increase the longevity of these systems.
